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NATURAL HYBRIDIZATION WITH PARTICULAR 
REFERENCE TO INTROGRESSION 


CHARLES B. HEISER, JR. 
Indiana University 


DEFINITION AND CLASSIFICATION OF HYBRIDS 


The word hybrid has come to have a very broad meaning, and a 
precise definition of it is difficult. Darlington (1937a,b) has de- 
fined a hybrid as “a zygote produced by the union of dissimilar 
gametes”, and this definition if literally accepted means that practi- 
cally all plants and animals are hybrids. Probably the majority of 
people think of hybrids as being derived from crosses between 
organisms belonging to different races, varieties or species. Dar- 
win (1872) used hybrid exclusively to refer to the offspring of 
crosses between species, and spoke of the offspring of varietal 
crosses as “mongrels”. There is much to be said in favor of the 
distinction made by Darwin, although of course there would always 
be cases difficult to place definitely in one category or the other. 
To say that the word hybrid is simply used by systematists as a 
label for misfits (Darlington, 1937b) can hardly be literally accepted 
today. The threefold nature of hybrids from the taxonomic, cyto- 
logical and genetical standpoint has been considered by Dansereau 
(1940). The hybrids considered throughout the body of this 
paper, unless otherwise specified, will refer to hybrids between 
species or between entities designated as such by the particular 
investigator. 

An attempt to classify hybrids also offers difficulties. Darling- 
ton (1937a) has classified them “by function” into the following 
seven groups: a) numerical hybrids; >) structural hybrids; c) un- 
defined structural hybrids; d) complex hybrids; e) polyploid hy- 
brids; f) numerical-structural hybrids; g) Mendelian hybrids. 
The polyploid hybrids form a distinct group which will not be con- 
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sidered here. Excellent reviews on the subject of polyploidy may 
be found elsewhere (Goodspeed and Bradley, 1942; Clausen, Keck 
and Hiesey, 1945; Stebbins, 1947a). The complex hybrids form 
a rather specialized class and appear to be somewhat rare outside 
the genus Oenothera (see Cleland, 1944). The Mendelian hybrids 
presumably would be hybrids within a species, but some of the 
hybrids discussed below might very well fall into this class. The 
remaining classes include a large number of the common natural 
hybrids. It is impractical at present, however, to apply Darling- 
ton’s classification to hybrids in nature because so few natural 
hybrids have been analyzed cytogenetically. For convenience we 
may break down the natural hybrids into the following two groups: 
a) those which are completely sterile, the so-called “mules”; 5) 
those which are not completely sterile and which by virtue of that 
fact may backcross to the parent species. The latter are the 
“recombination hybrids” of Anderson (1939a), and it is to this 
group that particular attention is to be devoted in the present 
review. 
HISTORICAL 


Focke in 1881 summarized the knowledge of that time regarding 
experimental and natural hybrids, and detailed accounts of the 
early history of hybridization may be found in Roberts (1929) and 
Zirkle (1935). Although naturalists have been aware of hybrids 
for more than 200 years, little intensive study of hybridization in 
nature was undertaken until recent times. With the rediscovery 
of Mendel’s paper there was a reawakening of interest in hybridi- 
zation, but for the most part the early studies following 1900 were 
devoted to the verification and extension of Mendel’s law, using 
experimentally produced intraspecific hybrids. In 1916 appeared 
Lotsy’s “Evolution by Means of Hybridization” in which he at- 
tempted to explain all evolution in terms of crossing. Although 
it received very little acceptance, this work did serve as a stimulus 
to further studies. 

During the second decade of the twentieth century important 
studies on hybrids in the New Zealand flora were undertaken by 
Cockayne who was later joined by Allan (see Allan, 1931, for 
bibliography). Their work, for the most part, consisted of cata- 
loguing the putative hybrids found in the wild, although in some 
instances actual crossing experiments were undertaken. 
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Natural hybridization between Geum urbanum and G. rivale, 
two species which show good morphological and ecological differ- 
ences, has drawn the attention of a number of workers. The 
artificial cross between the two species has been made by Winge 
(1926) and others. In 1927 Ostenfeld (1928) delivered a lecture 
on hybridization in which he pointed out that species remain distinct 
in nature despite hybridization, referring particularly to the example 
of Geum. In spite of backcrossing of the hybrids to the parents, 
the two species remain distinct entities. The distinctness, he con- 
cludes, is maintained because the types nearest the parent species 
are best fit for existence and because the chances of the hybrid 
holding its own in competition with the parents are poor. Osten- 
feld further pointed out that repeated backcrossing of hybrids to 
their parents may erase all external signs of hybridity. In 1930 
Marsden-Jones produced experimental evidence to back many of 
Ostenfeld’s statements concerning Geum. This latter study is par- 
ticularly commendable in that detailed consideration is given to both 
the artificial and the natural hybrids. Marsden-Jones calls atten- 
tion to the fact that backcrosses to G. rivale are almosi indistin- 
guishable from that species. At one locality in nature the back- 
cross type appears to have become stabilized and largely to have 
supplanted one of the parent species. Marsden-Jones also records 
the appearance of a new character in some of the progeny of the 
artificial hybrids which was not found in either parent. 

The work of Popov (1927) on the significance of hybridization 
in nature also deserves mention here, particularly since it has been 
generally overlooked by most students in this field. One example 
cited by him is of particular interest. Zygophyllum Fabago com- 
prises two varieties, Z. Fabago var. typicum, predominantly a west- 
ern race, and Z. Fabago var. brachypterwm, an eastern race. Plants 
resembling Z. Fabago var. typicum, however, were found to occur 
in the eastern portion of the range of the species so that this vari- 
ety apparently has a discontinuous distribution. A second species, 
Z. obliquum, occurs in the eastern part of the range, and Popov 
points out that hybridization between this latter species and Z. 
Fabago var. brachypterum could produce forms morphologically 
similar to Z. Fabago var. typicum. Hybridization thus explains 
the apparent disjunct distribution of this variety. Popov, how- 
ever, produced no experimental evidence to back these claims. 
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This same period saw the initiation of studies on Silene by 
Marsden-Jones and Turrill (1928-1947), and interspecific hybridi- 
zation was considered in the second paper of the series. The 
studies on Geum, on Silene, and those of Anderson and his collabo- 
rators on Tradescantia mark the beginning of careful attempts to 
analyze by experimental means the role of interspecific hybridiza- 
tion (without polyploidy) in nature. In the first of the Trade- 
scantia papers (Anderson and Diehl, 1932) little space is devoted 
to hybridization. In the monograph of the American species of 
the genus (Anderson and Woodson, 1935) in which 15 putative 
hybrids are listed and seven artificially produced hybrids are dis- 
cussed, it is pointed out that under certain conditions the germ 
plasm of one species might become “infected” through hybridiza- 
tion with a small amount of another species without any great 
morphological effect. Avenues for studies of hybridization are 
suggested in this paper, which have for the most part formed the 
foundation for future studies of natural hybridization. An attempt 
to analyze the effects of hybridization between certain species ap- 
peared shortly afterwards (Anderson, 1936c), and a method for 
measuring hybridization was introduced, which has enjoyed con- 
siderable popularity among subsequent workers. The second part 
of this study (Anderson, 1936c) is devoted to a consideration of 
natural hybridization between T. canaliculata and T. virginiana. 
Another detailed study appeared two years later (Anderson and 
Hubricht, 1938a@) in which the term “introgressive hybridization” 
was introduced to refer to the transfer of germ plasm from one 
species to another by means of hybridization. The interaction of 
hybridization with the habitat was also discussed in this paper. 

It is now, of course, apparent that the previously cited examples 
of hybridization in Zygophyllum and Geum involved introgression. 
In the following pages the subject of introgressive hybridization, or 
introgression as it is now generally termed, will be considered in 
some detail. A review of a large number of earlier examples of 
hybridization which are now seen to fall into this category may be 
found in DuRietz (1930) and Allan (1931, 1937, 1940, 1949). 
Clausen, Keck and Hiesey (1945) have also discussed a number 
of cases suggestive of introgression, although they are not labeled 
as such. Ina recent textbook (Riley, 1948) a special section has 
been devoted to the phenomenon of introgression. The only pre- 
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vious review, however, treating introgression as such, is that of 
Cain in 1944; several additional studies dealing with introgression 
have been published since the appearance of this work which makes 
a comprehensive review desirable. It is still too early in many 
respects, however, to attempt a detailed critical analysis. 


TECH NIQUES 


There has been a great deal of skepticism among some biologists 
in regard to the great number of hybrids reported for plants, and it 
has been argued (Dobzhansky, 1941) that remnants of the ancestral 
population from which two species have differentiated might have 
the appearance of hybrids.’ Secondly, it has been pointed out 
(Dobzhansky, 1941) that mutants arising within one species might 
display certain characters occurring in another species, giving rise 
to situations resembling hybridization. In view of this skepticism 
regarding hybrids, it seems desirable to consider the methods of 
recognition and study of natural hybrids. 

Morphological. The oldest and still the basic starting point for 
recognition of hybrids is provided by a study of the morphology of 
the putative hybrid and its supposed parents. Some workers 
(Moss, 1930; Allan, 1937) have insisted that field observations 
alone can establish beyond doubt many groups of hybrids. It is, 
however, the large number of hybrids that have been reported on 
such circumstantial evidence and the non-statistical reporting of 
the data that have given rise to a large amount of the skepticism 
mentioned above. 

Biometrical. By the use of population studies the older mor- 
phological comparisons have been placed upon a much sounder 
foundation. Through the use of “mass collections” (Anderson and 
Turrill, 1935; Anderson, 1941) or “population samples”, as some 
prefer to call them (Woodson, 1947), frequency distributions can 
be made for the statistical study of certain characters. A method 
for the comparison of populations by means of “frequency histo- 
grams” or “hybrid indices” has been proposed (Anderson, 1936c ; 
Hubbs and Kuronuma, 1941), which has received wide usage in the 
analysis of plant hybrids (Anderson and Turrill, 1938; Goodwin, 


1 An interesting example of such a case is afforded by Turrill’s (1934) 
study of Ajuga. Plants intermediate between the species A. chamaepitys and 
A. chia occur in nature. Turrill interprets these intermediates as the common 
ancestors of the two species and not as hybrids. 


= 
| 
| 


650 THE BOTANICAL REVIEW 


1937b; Riley, 1938, 1939c; Wetmore & Delisle, 1939; Larisey, 
1940; Dansereau, 1941; Dansereau & Lafond, 1941; Dansereau 
and Desmarais, 1947; Stebbins, Matske and Epling, 1947; Heiser, 
1947, 1949). Baker (1947) criticises the use of such methods 
without adequate information governing the inheritance of charac- 
ters used for scoring (see below). The polygonal graph method for 
population analysis (Davidson, 1947) might also prove useful in 
studying hybrid populations and in comparing the amount of genic 
contamination. The rigorous examination of population patterns 
by means of more detailed statistical methods offers a fertile field 
for studying the results of hybridization. Such an approach has 
been used by Woodson (1947) in analyzing variation in Asclepias 
tuberosa. 

Ecological. <A study of the habitats of the supposed parents and 
the putative hybrids is of fundamental importance in any analysis 
of the consequences of natural hybridization. The relationship of 
the habitat to hybridization has recently been emphasized (Ander- 
son, 1948) ; a special section will be devoted below to a considera- 
tion of certain phases of the ecology of hybrids and their parents. 
The necessity for an understanding of the geographical distribution 
of the entities concerned should also be pointed out. 

Genetical. To prove that hybridization can take place between 
two species, it is necessary that the actual cross be performed. In 
view of the apparent alarm at the “decline of experiment” (Baker, 
1947) it is perhaps worthwhile to state the reasons why genetical 
experiments have not been more widely used in studies of natural 
hybridization. First of all, the taxonomist engaged in monographic 
studies frequently cannot undertake genetical studies. He should 
not neglect possible cases of hybridization, however, even though 
he is limited to morphological and field studies. Secondly, it is 
exceedingly difficult to germinate the seeds of many species, or to 
grow them under artificial conditions if germination is accomplished. 
In many genera, particularly woody ones, the length of time to 
flowering presents almost insurmountable difficulties for genetic 
experiments. It should be pointed out further that although two 
species may not cross under artificial conditions, this does not con- 
stitute absolute proof that they will not or have not crossed in 
nature. Nature carries on her experiments on a broad scale 
(Allan, 1937), and the investigator after a few attempts at artificial 
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pollinations cannot say categorically that two species will not cross. 
However, plants that cross in nature and will not cross artificially 
are probably the exceptions. 

The growing of an F, generation as well as the F, is, of course, 
to be recommended. A point overlooked by Baker (1947), how- 
ever, is that if the F, is rather highly sterile, it may be nearly 
impossible to obtain an F, sufficiently large for genetical analysis. 
Although knowledge concerning the inheritance of characters in 
the particular cross is highly desirable, it must be remembered that 
the analysis of interspecific inheritance is not a simple matter, as is 
testified by the recent work on Gossypium genetics by Harland and 
others. Another point overlooked by Baker (1947) is the great 
importance of artificial backcrosses. It is principally by means of 
backcrosses that the germ plasm may be transferred from one 
species to another in nature. Particularly good examples of the 
use of artificial crosses, including both the F, generation and back- 
crosses, are provided by the studies of Goodwin (1937b) and 
Wetmore and Delisle (1939). 

Progeny tests also may serve as a useful tool. The growing of 
seed from suspected hybrids, however, has been criticized (Baker, 
1947) because no information is available as to the pollen parents. 
The fact that the pollen parent cannot be definitely established, 
however, does not rule out the usefulness of such an approach. 
The progeny study may often provide strong circumstantial evi- 
dence regarding the hybrid nature of certain individuals, and has 
been used to advantage in a number of cases (Anderson, 1936a; 
Wolf, 1938, 1944; Rollins, 1944; Heiser, 1947, 1949). 

Cytological. In recent years information regarding the chromo- 
some numbers and meiosis in the parents and putative hybrids has 
become very important in studies of hybridization. Irregularities 
in the meiosis of the putative hybrid have been used as additional 
evidence for the hybrid nature of the plants (Anderson and Wood- 
son, 1935; Anderson and Sax, 1936; Riley, 1939c; McMinn, 1944; 
Heiser, 1947, 1949; Ross and Duncan, 1948). The cytological 
analysis of species hybrids has recently been reviewed in detail 
elsewhere (Stebbins, 1945) and need not be discussed here. A 
knowledge of the chromosome numbers, moreover, is of importance 
in separating amphidiploids from other types of hybrids (Camp and 
Gilly, 1943). 
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Information concerning relative fertilities may furnish a useful 
test of hybridity and may be obtained by very simple means in 
plants. The scoring of pollen grains as good (filled, normal sized 
grains) or bad (empty, undersized or misshapen grains) serves as 
an index to the male fertility and has been employed in a number 
of studies (Anderson and Woodson, 1935; Anderson, 1936a; Riley, 
1939b, c; Larisey, 1940; Heiser, 1947, 1949). The use of various 
stains, acetocarmine, cotton blue in lacto-phenol, etc., has now made 
such studies very simple, and they may be used on dried as well as 
fresh specimens. The relativé number of good and bad seeds 
furnishes an indication of female sterility. In some cases the latter 
merely involves counting the number of filled and unfilled seeds or 
fruits, as in Helianthus (Heiser! 1947, 1949) ; in other cases, where 
the seeds are small, actual germination experiments have been 
undertaken (Goodwin, 1937b)., It is, of course, realized that not 
all species hybrids are sterile and that sterility may result from 
causes other than hybridity. Darwin (1872) remarked on the 
fact that fertility may be influenced by the conditions under which 
the organisms are grown, and more recently it has been pointed out 
(Huskins, 1929) that bad pollen is not always the indication of a 
hybrid. Such routine studies as pollen and seed counts can be 
made fairly easily with most plants, even though more detailed 
cyto-genetic experiments may be out of the question, and no hybrid 
should be described without some reference to its fertility. 

The desirability of special herbaria in connection with such 
studies' and the importance of herbarium records of the material, 
including both natural and artificial hybrids, has been pointed out 
(Marsden-Jones, Summerhayes and Turrill, 1930; Turrill, 1938). 
Unfortunately, many workers do not state where the herbarium 
material has been deposited. 


DEFINITION AND TYPES OF INTROGRESSION 


The following account of introgression has been condensed from 
the original description of Anderson and Hubricht (1938a): Ap- 
parently the commonest result of hybridization is that through re- 
peated backcrossing of the hybrids to the parental forms there is 
an infiltration of the germ plasm of one species into that of another. 
If two species capable of hybridizing meet, they usually do so in 
a situation more favorable to one than to the other. If hybrids are 
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produced, they tend to cross back to the more abundant species. 
The progeny of these secondary hybrids are likewise crossed back 
again,and soon. Introgression then may be defined as the transfer 
of genes from one species to another by means of hybridization and 
backcrossing. The “infection” or “contamination” of populations 
previously reported by these and other authors refers to the same 
phenomenon. 

If the two species hybridize and if the F, progeny is not com- 
pletely sterile, it is possible for backcrossing to take place. There 
can be little doubt that such a process occurs in nature and that 
genes may be transferred from one species to another by such a 
method. The work of Hiorth (1933) on Collinsia and the work 
of the modern plant breeder have shown that genes can be so 
transferred by artificial hybridization. Harland (1936) states that 
genes can be transferred from one species to another by repeated 
backcrossing, even if the initial sterility of the F, is very great. 

It is not yet possible to classify the types of introgression. How- 
ever, we may attempt to define two rather broad classes as follows: 
a) the apparent gene flow may extend some distance from the area 
of the actual hybridization and spread to other populations (ap- 
parently this occurs in Cistus, Hevea, Helianthus, Tradescantia, 
Vaccinium and Zea (see Table 1 for references) ; or b) the apparent 
gene flow may be purely local and the effects of hybridization will 
not be noted away from the area of active hybridization (apparently 
in Quercus, Salvia and Silene—see Table 1). The gene flow that 
takes place may be chiefly in one direction, as, for example, of 
Tradescantia canaliculata into T. occidentalis (Anderson and Hu- 
bricht, 1938a); or it may proceed toward both species, as in 
Parthenium, which has been termed “reciprocal introgression” 
(Rollins, 1945a). Most of the examples cited in Table 1 have been 
too little analyzed to justify any attempt to place them definitely 
in either category a or b above. 

In the genus Balsamorhiza (Ownbey and Weber, 1943) several 
different types of putative hybrids occur. In some instances the 
hybrids are “non-segregating and local”, possibly an illustration of 
“mules”; in others they are “segregating and local”, illustrating 
introgression of type 0; in still others the segregating hybrids may 
have a wide range, illustrating introgression of type a. 
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The restricted or localized gene flow of type b above has rarely 
been called “introgression”. However, it is clear that if back- 
_ crossing occurs there is usually contamination in the area of con- 
tact of the species. It is known that continual backcrossing may 
almost completely obliterate external signs of hybridity (Ostenfeld, 
1928; Hubbs, 1940; Anderson, 1948), experimental verification for 
which goes back to Koelreuter (1893). The most conspicuous 
signs of hybridity are always in the region of active hybridization, 
and, although it may appear that there are no traces of the other 
species outside the zone of hybridization, it is still possible that more 
extensive gene flow has occurred than meets the eye. For ex- 
ample, if only a few genes pass from one species to another, the 
visible effects may be so slight as to easily escape detection. It re- 
quires exceedingly critical data to demonstrate the actual extent of 
introgression (Anderson, 1948). 

INTROGRESSION IN HIGHER PLANTS 


A selected list of examples of natural hybridization is presented 
in Table 1. The list is not intended to be exhaustive, but attempts 
to cover the majority of the work of recent years, particularly those 
cases which have been carefully analyzed. Not all of the examples 
cited have been labeled as introgression by the investigators, but it 
is apparent from their data or remarks that backcrossing takes 
place, so that theoretically at least there may be a gene flow be- 
tween the species concerned. It is quite probable that many or all 
of the “multiform hybrids” described for the New Zealand flora 
(Cockayne and Allan, 1934) also fall into the province of intro- 
gression; the majority of these hybrids, however, have not been 
subjected to population analysis and are not included in the table. 
Although the evidence for introgression presented in several of the 
studies listed in Table 1 is far from conclusive, there can now be 
little doubt that such a process does occur in nature. All the ex- 
amples given in the table are found either in the gymnosperms or 
among angiosperms. Although many hybrids are known for the 
pteridophytes, introgression has not yet been established for any 
of them. Benedict (1945) has recently called attention to the 
“problem and objectives in the study of fern hybrids”, but he fails 
to mention the necessity for detailed population analyses. 

From a survey of the works given in the table, a few general 
remarks may be made. First, it is apparent that the great majority 
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of examples involve homoploid species, i.e., species with the same 
chromosome number. However, it is also apparent that it is 
possible for introgression to occur between species with different 
chromosome numbers, as, for example, between diploid and tetra- 
ploid species (Tradescantia). It would appear, however, that 
_ differences in chromosome numbers provide a strong barrier to the 
occurrence of introgression. A second fact that is manifest from 
examination of the table is the great number of definitely estab- 
lished cases reported for the Compositae. Numerous hybrids are 
also listed for this family by Cockayne and Allan (1934). The 
large number of hybrids reported for the Compositae might be 
explained simply as the result of its large size or that by accident 
the hybrids in this family received more study. However, neither 
of these suggestions supplies an entirely satisfactory answer. It 
has been pointed out previously (Clausen, Keck and Hiesey, 1945) 
that the families Gramineae and Compositae, admittedly charac- 
‘terized by complex relationships, contain large numbers of poly- 
ploids. The amount of polyploidy, however, is considerably greater 
in the former family (Heiser and Whitaker, 1948). It might con- 
ceivably be that many of the complex relationships and taxonomic 
difficulties of the Compositae are in a large measure due to the 
amount of introgression as well as to the amount of polyploidy 
present. 

A rather unusual case of gene flow between species by means of 
hybridization is found in Galium (not given in the table). The 
species G. Mollugo and G. vernum have both diploid and tetra- 
ploid races (Fagerlind, 1937). The tetraploids hybridize freely 
and give rise to a “delayed amphiploid” (Clausen, Keck and Hiesey, 
1945) ; the offspring of the hybrid segregate, and by backcrossing 
to the parental tetraploid an exchange of genes between the species 
may be effected. In the delayed amphiploid of Zauschneria cali- 
fornica (Clausen, Keck and Hiesey, 1945) apparently there is pref- 
erential pairing of the chromosomes from the two parents and hence 
no opportunity for a gene bridge. 

All cases of hybridization given in Table 1 concern entities which 
have been considered species by the particular investigators. It is 
not the intention here to go into the relative merits of regarding all 
of these as species ; some discussion of this point will be entertained 
below. Hybridization on a subspecies level in plants has been 
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analyzed in Asclepias tuberosa (Woodson, 1947). The three sub- 
species of A. tuberosa were originally isolated but are panmictic 
today. Measurements made from herbarium specimens and from 
population samples were treated statistically and then mapped by 
means of phenocontours. “Crests of variability”, apparently repre- 
senting heterosis, were found where the subspecies come together. 
In passing it should be noted that Woodson has presented evidence 
in this study which indicates that the herbarium offers a fertile field 
for statistical studies of this nature. 
HYBRIDIZATION IN ANIMALS 


It is well known that hybrids are much rarer in animals than in 
plants. Whether this is due to faulty data or to a greater effi- 
ciency of isolation between fully formed animal species is a matter 
that can be determined only by further studies (Dobzhansky, 1941). 
Mayr (1942) is inclined to think that “mistakes” leading to hy- 
bridization are much more common in plants than in animals, since 
fertilization is more or less a “mechanical process” in the former 
group. It could be, of course, that zoologists and botanists have 
tended to use different criteria in their delimitation of species and 
that in reality there is little difference in the amount of hybridiza- 
tion in the two groups. Backcrossing of animal hybrids to their 
parents, however, is known to occur in some instances, and the 
visible gene flow generally seems to be confined to the region of 
the hybrid swarm. Introgression on the whole appears to be ex- 
tremely rare in animals. 

No complete survey of the literature dealing with animal hybrids 
has been attempted, but a few examples seem desirable for inclusion 
here. Hybrid swarms are common in the moth genus, Platysamia 
(Sweadner, 1937), and, although the female hybrids are sterile, the 
males are partially fertile. Thus there can be an introgression 
through backcrossing of the males to the female parent strains. 
Sweadner comes to the conclusion that it is impossible to divide 
this group into species, sub-species or varieties. Hybridization is 
known to occur between certain species of toads (Bufo), and it 
appears that there may be some gene flow between species (Blair, 
1941a, 1942). A possible instance of intergeneric hybridization 
between two tree toads has also been reported (Blair, 1941)). 

Hybridization between species and even genera of fish in nature 
is now well established. Hubbs and co-workers (Hubbs, 1940; 
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Hubbs & Kuronuma, 1941; Hubbs and Miller; 1942; Hubbs, Hubbs 
and Johnson, 1943; Hubbs, Walker and Johnson, 1943; Hubbs and 
Hubbs, 1945 ; and additional references cited in these) have analyzed 
a number of cases in considerable detail. Backcrossing apparently 
takes place only rarely, as, for example, between Siphateles x Gilia 
(Hubbs and Miller, 1942). Natural hybrids occur between the mus- 
kellunge and northern pike, and the hybrids are at least partially fer- 
tile (Black and Williamson, 1946). Artificial backcrosses have been 
produced, but there is no mention of backcrossing occurring in 
nature. Introgression labeled as such has been described for fishes 
by Gordon (1946); however, in the example involved (Platy- 
poecilus x Xiphophorus) hybridization is not known to occur in the 
wild, but has come about as a result of fish cultural practices. 
These species hybrids have been carefully analyzed genetically, and 
Gordon (1946a, b, 1947) reports that the W chromosome in do- 
mesticated stocks of Platypoecilus maculatus may represent a 
Xiphophorus helleri sex chromosome, the transfer having come 
about as a result of introgression. 

Hybrids in the dog family have been discussed by Cole and 
Shackelford (1946). All of the hybrids between species of fox are 
unfertile, but hybrids between the dog and the wolf and possibly 
between the coyote and the dog are fertile. It is quite probable 
that considerable introgression occurs between the dog and wolf 
in many regions. 

Numerous hybrids are also known for birds, and an excellent 
discussion of many of these may be found in Mayr (1942). Al- 
though Mayr states (p. 74) that introgression is “a theoretical 
process which in animals, at least, is not well supported by facts”, 
some of the cases reviewed by him (in Colaptes, Gennaeus, Passer, 
Junco, pp. 263-270) are strongly suggestive of introgression to the 
present reviewer.* Attention also should be called to the similarity 
of introgression to the “secondary intergradation” of Mayr (1942). 
Both terms have been used to describe situations in which two 
entities, which presumably have differentiated in isolation, come 
together again to hybridize. 


2 Since the above was written, introgression has been described for the para- 
dise flycatchers of Africa (Chapin, 1948). 


| 


658 THE BOTANICAL REVIEW 


NOMENCLATURE OF PLANT HYBRIDS 


The naming of hybrids is a practical problem of grave concern to 
the taxonomist. The present provisions of the Rules of Nomen- 
clature have come down only little changed since the last century 
(Allan, 1939), and, although liberalized, are now out of date in 
many respects. It has been stated that “the codes of nomenclature 
are nowhere more ineffectual than in their treatment of hybrids” 
(Anderson and Woodson, 1935). 

Taxonomists have designated hybrids by the use of distinct 
names, usually prefixed by an X; by formula treatment; or by as- 
signing them subspecific status. The so-called intergeneric hybrids 
are usually given a name compounded from the respective genera 
that have participated in the production of the hybrid; thus Asplen- 
soris from Asplenium x Camptosorus. Friesner (1943) uses distinct 
names for two perennial Solidago hybrids, stating that it is much 
better to use a name for an entity which seems able to perpetuate itself 
indefinitely (by vegetative means presumably, although he does not 
state this), rather than the more cumbersome formula method. He 
has called these entities “sp. nov.”, although the majority of writers 
prefer to use “hybr. nov.” which seems more justifiable. Formulae 
have been used for hybrids in the annual species of Helianthus 
(Heiser, 1947, 1948) which are sporadic in their occurrence and 
which are not able to propagate themselves asexually. 

Cain (1944) wonders whether the hybrids described by the 
taxonomist represent occasional F, plants, clones of F, plants or 
whether the taxonomist has attempted to draw a description to fit a 
few of the possible F,’s and backcrosses. Anderson and Hubricht 
(1938a) have stated that the application of “hybrid” and “species” 
is difficult in problems involving hybridization and backcrossing ; 
the F, is clearly entitled to the name hybrid, but what about the 
backcrosses? It has been pointed out that it is the backcrosses 
which puzzle the taxonomist (Wetmore and Delisle, 1939). 

If all hybrids were sterile and if introgression did not occur, the 
matter of nomenclature would be relatively simple. Certainly no 
hard and fast rules can be laid down regarding the naming of intro- 
gressants. In Tradescantia the effects of introgression appear to 
be too slight to merit nomenclatorial recognition (Anderson and 
Hubricht, 1938a@), but in other cases it may be desirable to name 
the hybrid populations or derivatives. Dansereau (1941) and 
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Fassett (i945) have used the more or less noncommittal variety for 
this purpose in Cistus and in Juniperus. Camp (1941) has desig- 
nated what appears to be a hybrid swarm by the name x Befaria 
discolor as a temporary nomenclatorial expedient. The use of 
clines for intergrading cases perhaps offers as satisfactory a method 
as any for the treatment of the hybrid derivatives among subspecies. 
The latter method has been used in the treatment of hybridizing 
subspecies of Asclepias (Woodson, 1944). 

The question of the nomenclature of hybrids has received the 
attention of Allan, Sprague and Uittien in a special symposium. 
Uittien (1939) suggests that hybrids be completely divorced from 
taxonomy, for, according to him, parentage has no place in formal 
taxonomy. Some of Uittien’s proposals have been criticized else- 
where (Fosberg, 1939, 1941; Heiser, 1949). Allan (1939) points 
out certain defects in the current schemes of classifying hybrids and 
suggests that each author. must evolve a method best suited to his 
needs. His concluding remark that more studies of wild hybridism 
are necessary before its taxonomic importance can be assessed bears 
repetition here. Sprague (1939) replies to certain of Allan’s criti- 
cisms of the rules and makes specific suggestions for the rewording 
of certain minor statements in the rules. 

Echoing the sentiments of Allan, Camp and Gilly (1943) have 
stated that the fewer the nomenclatorial rules in regard to hybrids, 
the better. They write: “Because of their complicated nature, the 
naming of hybrids and populations derived from hybrids cannot be 
governed by a set of rules, unless the rules become so complicated 
that they defeat their own purpose”. They go on to state that one 
cannot formulate rules to fit all cases and that the literature should 
not be encumbered by a series of useless names. It might be added 
here that it has yet to be shown that it is necessary or even desirable 
to name all hybrids or hybrid populations. The naming of hybrids 
has also been briefly discussed by Wiegand (1935) and Cugnac 
(1940), and recently in more detail by Rickett and Camp (1948) 
and Allan (1949). 

From the foregoing account it can readily be seen that hybridiza- 
tion offers serious problems to the taxonomist. However, as has 
been pointed out previously (Heiser, 1947), an understanding of 
hybridization, particularly of the mechanism and effects of intro- 
gression, will often aid the taxonomist in the solution of what ap- 
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pears to be a most perplexing problem. One example will suffice 
to show the usefulness of such knowledge. In 1931 two reputable 
taxonomists (Small and Alexander, 1930) described over 80 new 
species of Jris from the Gulf States. It has since been shown from 
morphological, genetical and cytological evidence (Viosca, 1935; 
Foster, 1937; Riley, 1938, 1939a,b) that the great majority of 
these new “species” are simply hybrid derivatives resulting from 
the natural crossing of Jris fulva and I. hexagona var. giganticae- 
rulea, and that it is extremely doubtful that any of them deserves 
specific recognition. This is a rather extreme case, but other ex- 
amples are not wanting. 


ECOLOGY OF HYBRIDS 


Where hybridization has been the subject of special analysis, it 
has been found that the two parent species nearly always occupy 
different ecological niches*. It is also apparent in the great major- 
ity of cases that a disturbance of the environment has allowed the 
two species to come together. Man is frequently responsible for 
the latter by upsetting the normal ecological balance through such 
practices as lumbering, pasturing, road building and cultivation of 
the land. Brainerd (1906) associated the hybridization of the 
eastern species of Viola with the removal of forests by man; 
Cockayne (1939) has pointed out that hybrids may occur in great 
numbers following forest fires; and Wiegand (1935) has com- 
mented at some length on the relationship of man to hybridization, 
particularly in regard to the genus Amelanchier. The possible role 
of primitive man in creating opportunities for hybridization has 
also been commented upon (Sauer, 1947). Many others have 
pointed out the importance of man in providing opportunities for 
hybridization in plants (Turrill, 1929; Cockayne and Allan, 1934; 
Viosca, 1935; Anderson, 1936c, 1948; Anderson and Hubricht, 
1938a; Goodwin, 1937a; Brett, 1938; Riley, 1939c; Camp, 1942; 
Black, 1944; Weber, 1946; Epling, 1947b; Heiser, 1947, 1949; 

3 One of the earliest ecological references to hybrids is found in the work 
of Hartmann, 1751 (see Zirkle, 1935, p. 172) : “It is not strange that a hybrid 
which is the child of a swamp and a mountain plant should seek a third kind 
of soil. For this reason the grandfathers and great grandfathers are sought 
in vain next to the daughter plant”. Attention should also be directed to the 
very early statement of Clausen (1922) that species remain pure in nature, 
since each has its own optimum type of soil and therefore two species are 


Mee able to cross on the boundary lines of their respective areas of distri- 
ution”. 
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Pettersson, 1947; Seibert, 1947, 1948; Woodson, 1947; Allan, 
1949). Stebbins (1947b) has stated that a fourth great burst of 
evolution now beginning is due to alterations in the natural plant 
cover by man, and that introgression is playing a role. That hy- 
bridization in animals is frequently due to man’s interference has 
also been clearly demonstrated (Blair, 1941a; Hubbs and Miller, 
1942; Mayr, 1942; Gordon, 1946). 

Man created not only opportunities for hybridization by bringing 
species together, but of equal importance he has also created inter- 
mediate types of habitats which are necessary for the success of the 
hybrid and its derivatives. Hubricht and Anderson (1941) have 
concluded that the lack of intermediate habitats between Trade- 
scantia subaspera and T. canaliculata in the Ozarks prevents hy- 
bridization of these species in this region, since these species hy- 
bridize freely in the experimental garden and are known to hybri- 
dize in the Appalachians (Showalter, 1938). Anderson (1948) has 
pointed out the necessity of intermediate types of habitats for the 
survival of any hybrids or backcrosses beyond the F;, and has 
emphasized that diverse intermediate habitats are required for the 
variously intermediate hybrid derivatives. 

The importance of man in changing the environment should not 
obscure the possible role of natural forces and the occurrence of 
introgression before the appearance of man (Anderson, 1948; 
Heiser, 1949). Younger geologic areas, such as active growing 
deltas (Riley, 1939c), have been suggested as one such region where 
hybridization might occur. Glaciation may also have served as 
such an agent (Blair, 1941a; Camp, 1942). Man is not considered 
to have played the only role in producing areas for hybridization in 
Salvia (Epling, 1947b). 

Environmental conditions may play an important role in the 
direction of introgression, and such is held to be the case in Cistus 
(Dansereau, 1943) and Acer (Dansereau and Lafond, 1941; Dan- 
sereau and Desmarais, 1947). In the latter case introgression is 
from A. nigrum into A. saccharophorum in the Laurentian range of 
the species “because the latter species is better adapted to the cli- 
mate of southern Quebec”. “The species less favored by present 
conditions will gradually be absorbed by the other, and the external 
characteristics of the hybrids will be more those of the preadapted 
species” (Dansereau and Desmarais, 1947). In view of the fact 
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that no crosses have been made between these Acer species and that 
the evidence for hybridity rests upon morphological examination of 
only two characters, the case for hybridity can be considered only 
tentatively established. In a preliminary analysis of these two 
entities in other parts of their range, the conclusion was reached 
that there were strong barriers to their interbreeding (Anderson 
and Hubricht, 1938)). 

Helianthus presents a slightly different aspect of the influence of 
environmental conditions. Helianthus annuus appears to have made 
a successful invasion of California by “absorbing” genes from a 
species (H. Bolanderi) already adapted to that climate ; thus intro- 
gression has been into H. annuus. The gene flow has also proceeded 
in the reverse direction, from H. annuus into H. Bolanderi, with the 
creation of a distinct weedy ecotype of the latter species adapted to 
valley conditions (Heiser, 1949). 

From the facts and theories accumulated from the literature pre- 
sented in this section, certain generalizations can be made. First, 
species do not hybridize unless the normal ecological balance is dis- 
turbed in some way. If the disturbance is great enough, new types 
of environment may be created. If the hybrids are not sterile, 
backcrossing may take place and the hybrid derivatives become 
established in the new environments. The amount of backcrossing 
and consequently the amount of introgression is nearly always di- 
rectly proportional to the “weediness of the environment” (Ander- 
son and Hubricht, 1938@). Through such processes distinct races 
of the species may be created as in Cistus (Dansereau, 1941), 
Juniperus (Fassett, 1944, 1945), Hevea (Baldwin, 1947; Seibert, 
1947) and Helianthus (Heiser, 1949) which are specially adapted 
to the new habitats. The importance of introgression to the origin 
of plants specially adapted to disturbed habitats then becomes 
obvious, and a possible role of introgression in the formation of 
weeds has been suggested (Anderson, 1948; Heiser, 1949). 


BEARING OF NATURAL HYBRIDIZATION ON THE SPECIES PROBLEM 


“No one definition has satisfied all naturalists; yet every naturalist knows 
vaguely what he means when he speaks of a species”.—C. Darwin (1872). 


There is no need to undertake here an extended historical account 
of species definitions. For over 100 years biologists have attempted 
to apply or to reject the criterion of sterility in species definitions. 
Most biologists are inclined to agree, in spite of the failure of defi- 
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nitions, that species do exist in nature. In recent years, more so 
than ever before, it has been realized that species may differ in 
different groups of organisms. An attempt to define some of the 
different types of plant species has recently been made (Camp and 
Gilly, 1943). 

The particular concern here is the effect of natural hybridization 
upon such definitions and upon the problem of the “species” in 
nature. As Anderson (1936b) has stated, hybridization may pro- 
duce a slight blurring between two species, but few have felt that 
it could actually obliterate species differences. 

First, are the entities considered here which meet and hybridize 
in nature entitled to specific rank? They violate one of the funda- 
mentals of many definitions of a species. An essential of a species, 


according to Babcock (1931), is the absence of free intercrossing 


and usually low fertility if not complete sterility between different 
species. Elsewhere in the same paper he remarks, however, that 
it is now generally accepted that many true species will hybridize 
and that they will often produce partially fertile offspring, although 
in general the trend is toward sterility. (Babcock, as he himself 
points out, proposes no definition.) More recently, Dobzhansky 
(1941) states that hybridization on the boundaries of the distri- 
bution areas between species does not invalidate the general concept. 

There is also the paradox of the species of the taxonomist and the 
species of the geneticist. Thus Winge (1938), in discussing Geum 
rivale and G. urbanum, states that genetically these are one species, 
since they are perfectly interfertile, but taxonomically they are 
separate species. Moore (1946) (a zoologist) has written: “The 
geneticist lays emphasis on the lack of interbreeding with other 
species under natural conditions. If the morphological differences 
of the taxonomists and the isolating mechanism of the geneticist 
arise independently, then taxonor-ic and genetic species might not 
coincide. However, if both originate in the same manner, and in 
some cases probably have the same genetic basis, the usual identity 
becomes understandable”. Mayr (1942) has pointed out that in 
the earlier definitions of species the difference between crossability 
and sterility has been overlooked, and more recently he (1948) has 
reviewed the literature bearing on the nature of species in animals. 

In recent years there has been an attempt to bring together the 
concepts of the geneticist and of the taxonomist in a definition of a 
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species (Clausen, Keck and Hiesey, 1939, 1945). In this classi- 
fication, which is based upon the pioneer work of Turesson, if the 
hybrids are sterile or if no hybrids can be produced, the two entities 
under consideration belong to different species complexes or are 
“coenospecies” in the terminology of the experimentalists; if the 
entities hybridize, or can be hybridized, and the hybrids are partially 
sterile and the second generation weak, they are approximately the 
“species of moderately conservative taxonomists working along tra- 
ditional lines” or “ecospecies” of the biosystematists ; if the hybrids 
between the two entities are fertile and the second generation vig- 
orous, the two are merely subspecies or “ecotypes”. In this noble 
attempt at a species definition based on experiment, the authors 
(1939) point out that there is no absolute gap between ecotypes and 
ecospecies, although only a few cases are intermediate. They also 
point out that a small number of the hybrids may be vigorous and 
fertile and eventually tend to be absorbed into one or the other of 
the parental species, which would be introgression as it is defined 
here. For an appraisal of the recent biosystematic trends, the 
reader is referred to the papers of Turrill (1946)and Valentine 
(1948). 

In an attempt to apply the above definition to the cases reviewed 
here it can be seen that some of the examples would fall into the 
category of subspecies (ecotypes), as in Vaccinium, whereas others 
could truly be relegated to the category of species (ecospecies), as 
in Helianthus. A great number of the cases, however, appear to 
fall somewhere between the two categories. One example calls for 
further comment. Systematists have for over a hundred years been 
inclined to regard Euchlaena and Zea as separate genera. How- 
ever, as a result of recent cytogenetic studies, Euchlaena has been 
merged with Zea, but Z. mexicana and Z. mays are still retained 
as distinct species (Reeves and Mangelsdorf, 1942). Clausen, 
Keck and Hiesey (1945) point out, however, that these two entities 
can hardly be considered more than ecotypes in view of their com- 
plete fertility and lack of weakness in the F, generation. Zea mays 
is, of course, a domesticated plant, and it is now apparent that once 
man brings a plant under cultivation the d imitation of species fre- 
quently becomes very difficult. 

There is generally a close correlation of morphology with crossi- 
bility; Babcock (1947), as the result of years of study on Crepis, 
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has found that this holds true for the most part in this genus. 
Ownbey and Weber (1943) have pointed out, however, that there 
are just enough exceptions to this conception “to make the strict 
application of hybrid sterility or inviability to species delimitation 
as unsatisfactory as the axiomatic application of the traditional 
criterion, morphological difference”. 

An interesting situation would arise if strict application of the 
above scheme of Clausen et al. were followed. Many genera would 
probably become monotypic. In commenting on the reduction of a 
species of Hevea because an intermediate plant had been found con- 
necting it to another species, Baldwin (1947) states:-“One might 
with almost as much reason render the whole genus unispecific”. 

According to Turrill (1942), the botanist knows that the use of 
sterility as a criterion for the delimitation of plant species would 
lead to a special classification of little or no general use. Goodwin 
(1937b) feels that Solidago rugosa and S. sempervirens, in spite 
of their hybridization, should be maintained as distinct species “on 
morphological grounds and for the sake of convenience”. Sax and 
Sax (1947) have stated that it is a matter of taxonomic convenience 
whether the parents of so-called intergeneric hybrids are placed in 
the same or different genera. There is quite definitely a practical 
as well as a biological problem involved in the matter of species 
definitions. Even with experimental methods, what determines a 
species still remains largely a matter of judgment. 

Whether or not the entities discussed here are considered species, 
there are strong barriers to prevent their merging into one unit, 
as will be seen in the next section. Perhaps the ability to remain 
distinct in spite of hybridization entitles them rightfully to the desig- 
nation of “species”. 


BARRIERS TO SWAMPING 


It has been generally agreed that there has not been an obliter- 
ation of specific boundaries as a result of hybridization in most of 
the examples which have been critically studied (Ostenfeld, 1928 ; 
Marsden-Jones and Turrill, 1928, 1947; Du Rietz, 1930; Allard, 
1932; Anderson, 1936b ; Ownbey and Weber, 1943; Epling, 1947; 
Stebbins, Matske and Epling, 1947; Heiser, 1947, 1949; Anderson, 
1948; Valentine, 1948). What are the barriers to the amalgama- 
tion of two species into one as the result of hybridization? 
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First, it is apparent that those internal and external isolation 
barriers normally present between species may operate in part (see 
Dobzhansky, 1941; Stebbins, 1942; and Cain, 1944, for a discussion 
of isolation barriers). Partial sterility is one such barrier. The 
initial sterility between species of annual sunflowers is rather great 
(Heiser, 1947, 1949), and partial sterility seems to exercise an 
isolating effect in Salvia (Epling, 1947). It is probable that hy- 
bridization may lead to the development of complete sterility bar- 
riers between some species (Dobzhansky, 1941), but as to whether 
or not this is a general phenomenon is still a matter of conjecture. 

Among the other barriers which may operate is a partial dif- 
ference in time of blooming (Anderson, 1936c; Erickson, 1945; 
Heiser, 1947) and mechanical differences in the structure of the 
flowers (Epling, 1947b). Ownbey and Weber (1943) have sug- 
gested that “possibly for reasons of time and distance alone” there 
is no submerging of incompletely isolated species of Balsamorhiza. 
In Primula vulgaris and P. elatior, two homoploid species, appar- 
ently unbalance in the endosperm may prevent hybrids with a nor- 
mal embryo from reaching maturity (Valentine, 1947). 

It was pointed out above that most of the pairs of species involved 
in hybridization exhibit strongly different ecological preferences and 
that intermediate types of habitat are necessary for the success of 
the hybrid derivatives. Adaptation of the parent species to a par- 
ticular habitat is an important factor in keeping species distinct 
despite hybridization, according to Anderson (1948). He points 
out that “the second (hybrid) generation will be made up of indi- 
viduals, each of which requires its own peculiar habitat for optimum 
development”, and that such a great variety of habitats is never 
encountered in nature. It would thus appear almost impossible 
for the gap between two species with strongly different habitat pref- 
erences to be completely bridged, due to the barrier of the habitat 
alone. Du Rietz (1930) discusses a number of cases of hybridiza- 
tion in which the species are kept distinct by reason of ecological 
barriers. Recently Hovanitz (1948) has shown that interfertile 
species of the butterfly genus Colias are separated by such a barrier. 
C. eurytheme is adapted primarily to alfalfa, C. philodice to red 
clover, and there is no amalgamation of the two species into one as 
a result of the hybridization which is known to take place. 
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The matter of competition is simply another aspect of the habitat 
requirements of the hybrids and parents. The poor chances of the 
hybrids competing with the parents (Ostenfeld, 1928) is thus fully 
explained, including the slight discrimination against hybrid oak 
seedlings in nature (Stebbins, Matske and Epling, 1947). It has 
also been pointed out that the number of hybrids thrown into com- 
petition with the parents would be small (Epling, 1947a, 1947b), 
which would further serve as a barrier. Epling (1947a) maintains 
that the “morphological constancy of sympatric species may be pre- 
served despite compatibility and hybridization . . . as long as the 
equilibrium of competition is maintained”. From Anderson’s 
(1948) remarks it becomes quite clear why the equilibrium of 
competition is maintained when two species are adapted to different 
habitats. 

As a result of a study of artificial hybrids between two highly 
compatible species of Nicotiana, Anderson (1939a) has come to the 
conclusion that the recombinations which may appear in the F, of 
any such cross represent only a small fraction of the recombinations 
theoretically possible. The barriers to the appearances of certain 
recombinations are as follows: a) gametic elimination; b) zygotic 
elimination; c) pleiotropy; and d) linkage. Anderson states that 
all of the quantitative characters of an organism are closely linked 
with one another, and moreover that “the hindrances imposed by 
linkage of multiple factor characteristics are found to be severe”.* 
In another place he (1939b) has estimated the total magnitude to 
gene recombination imposed by linkage, and has recently stated that 
linkage alone can be a barrier to complete swamping of interfertile 
species (1948). Dansereau (1938, 1941) and Dansereau and 
Lafond (1941) have observed that only a small number of the 
theoretical hybrid combinations in Cistus and Acer are met within 
nature. However, in these examples it is quite possible that certain 
of the expected recombinations have failed to appear because of 
limitations of the habitat. 

Also worthy of consideration in connection with barriers to 
swamping is the suggestion that species possess distinct modifier 
complexes which result in the appearance of inferior segregates 


4 Dempster (Genetics 34: 272-284. 1949) has recently shown that the ef- 
fects of linkage in restricting genetic recombination in the F2 is very slight; 
however, linkage can increase the variation of F, character combinations in 
the direction of the parental types. 
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when fertile species hybrids are interbred (see Stephens, 1947). 
For example, the cultivated cotton species, Gossypium barbadense 
and G. bursutum, give fertile F, hybrids, and yet the integrity of 
the two species is preserved even when the two are grown in mix- 
tures (Hutchinson, Silow and Stephens, 1947). Whatever the 
barrier or barriers to swamping in this case, they appear to be very 
effective to preserve the identity of these two cultigens. 

From the above it can be seen that there are a number of factors, 
acting separately or together, which would be expected to prevent 
swamping of distinct species in nature. The barriers of the habitat 
or linkage alone might be expected to prevent the amalgamation of 
fully compatible species. The examples given above for the most 
part have been taken from plants, but they probably apply equally 
well to animals. Blair (1941a, 1942) found that the isolating 
mechanisms preventing swamping in toads are partly seasonal, 
partly ecological and partly sexual, i.e., a difference in mating calls. 
Ethnological isolating mechanisms, such as the last mentioned, while 
common in animals are unknown for plants, and this may explain 
in part the greater occurrence of hybrids in plants. The barrier 
imposed by different habitats in animals has been discussed by Mayr 
(1942). 

On the basis of a study of “complex mutations” (mutations affect- 
ing both a vegetative and floral character), Lamprecht (1944, 1945) 
states that genes can be divided into two kinds, intra-specific and 
inter-specific. The latter genes are species specific and constitute 
the genic basis of the species barrier ; as a result of this he makes the 
bold statement that it is possible to give a “univocal” definition of 
a species as a unit including all biotypes which differ from all others 
by at least one common inter-specific gene. There are only two 
such genes which separate Phaseolus vulgaris and P. coccineus 
(although he states that most species probably differ for a number 
of inter-specific genes) ; all of the other genes, intra-specific, of 
these two species may be recombined into fertile offspring through 
hybridization, whereas the interspecific genes lead to sterility when 
placed on the “plasmic” background of the other species. This 
work, although appearing rather highly speculative to the present 
reviewer, is of great theoretical importance to introgression. It 
would follow from Lamprecht’s conclusions that introgression of 
intra-specific genes could readily take place between inter-fertile 
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species, but that the presence of inter-specific genes would always 
provide a barrier to swamping. Detailed discussion and criticism 
of this work is out of place in the present article, but in passing, 
attention should be called to the similarity of Lamprecht’s ideas 
of the origin of a species by a single mutation to those of Gold- 
schmidt. Goldschmidt states (1940, p. 252) that “it does not make 
any difference whether a single macroevolutionary step is caused 
by a major change within the chromosome pattern .. . or by a 
special kind of gene mutation with generalized effect, if such is 
imaginable”. (Italics mine.) (See also Castle, 1946, in regard 
to Lamprecht.) 

The possibility that swamping has occurred or may occur cannot 
be overlooked. Winge (1938) states that the possibility seems to 
exist that Gewm rivale and G. urbanum in thousands of years may 
approach one another through hybridization and finally be merged. 
Dobzhansky (1941) has suggested the merging of two species into 
a single highly variable one as a result of introgression. Cain 
(1944) has also suggested that introgression might result in swamp- 
ing. The possible swamping in Salix has been discussed by Du 
Rietz (1930). 

Two examples that have been carefully studied deserve further 
consideration. Mason (1942) has postulated the genetic sub- 
mergence of Pinus remorata by the ecologically more vigorous P. 
muricata through a process of gene infiltration. This process has 
taken place over a long period of time, and the conclusions are based 
on a study of both living and fossil plants. With a changing 
environment it is apparent that a plant must change to meet the 
new conditions, migrate or become extinct. It may be that P. 
remorata was faced with such a situation. This brings to mind 
Dansereau’s observation on Acer in the Laurentian area mentioned 
under the section on ecology. The possibility does seem to exist 
then that swamping may take place over broad expanses of time 
and in the face of changing environmental conditions. 

The second example involves categories below species. Accord- 
ing to Woodson (1947), Asclepias tuberosa ssp. tuberosa is being 
engulfed by its sister subspecies on each side. The three subspecies 
differentiated from each other in isolation, and swamping is appar- 
ently occurring now that they have come back together. However, 
the swamping is by no means complete, as is testified by the fact 
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that the three subspecies are fairly well defined throughout most of 
__their ranges. The reasons for the possible swamping should be 
considered, nevertheless. Subspecies are normally characterized 
by complete fertility, and there would be no sterility barrier, al- 
though, as we have seen, this is also true for some of the “species” 
discussed above. Secondly, geographic subspecies may not show 
the strong ecological differences of sympatric species, and thus there 
might be little or no barrier by means of the habitat. Thirdly, sub- 
specific categories presumably differ from each other by fewer genes 
and modifier complexes than do species. Hence it is possible that 
linkage alone would be less of a barrier in crosses between sub- 
species. 
EVOLUTIONARY ROLE 


Opinions as to the importance of hybridization in evolution range 
from those of Lotsy® (1916, 1925), who claimed that all evolution 
is due to hybridization and that mutations do not occur, to those 
who would assign it a relatively minor role. Lotsy’s views on evolu- 
tion have received few or no adherents, although Turrill (1942) has 
suggested that there may be more to his theory than most people 
realize. The attitude that appears to be prevalent today is that 
hybridization serves to recombine mutations: the “fuel” for evolu- 
tion being mutations, the “engine” being the genetic system, and the 
“guiding force” being natural selection (Stebbins, unpubl.). 

The possible significance of introgression to evolution has been 
discussed by a number of writers (Anderson and Hubricht, 1938a; 
Dansereau, 1941; Dobzhansky, 1941; Heiser, 1949; and Anderson, 
1949). One of the first effects of introgression is an enrichment 
of variability of the species concerned. Mangelsdorf (1947) states 
that new variability “with almost explosive force” must have come 
into being in a relatively short time as a result of the hybridization 
of Zea and Tripsacum. Clausen, Keck and Hiesey (1947) have 
written: “when crossing occurs between contrasting geographic or 
_ ecologic races, so many new forms appear that the variability may 
often surpass that in wild populations of the species ...”. Sec- 
ondly, and directly related to the first, hybridization offers advan- 
tages for plasticity, though at a sacrifice of immediate fitness. The 
opportunities afforded by hybridization for flexibility keep the 


5 The idea of evolution by means of hybridization did not originate with 
Lotsy (see Du Rietz, 1930, for a brief historical account of the idea). 
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species in a dynamic rather than a static condition, and it may be 
that the most rapid evolution occurs in such species. From out of 
such hybridization superior genotypes might emerge, better fit to 
new environments (Dobzhansky, 1941; Epling, 1947a, 1947); 
Heiser, 1947, 1949). For every superior genotype produced, how- 
ever, there are probably numerous misfits or sterile plants, so that 
hybridization between species may also be a destructive process. 
“The final result (of hybridization) will depend upon the balance 
between the deleterious effects of the foreign germ plasm and its 
advantageous effects in areas where the hybridization has taken 
place or to which the hybrids may spread” (Anderson and Hubricht, 
1938a). 

The possibility of the creation of new taxonomic entities by 
hybridization (without polyploidy) also deserves consideration. 
There is strong circumstantial evidence that subspecific entities have 
been created by such a process, for example, in Juniperus (Fassett, 
1944, 1945), in Cistus (Dansereau, 1941) and in Hevea (Bald- 
win, 1947; Seibert, 1947), and it is possible of course that some of 
these may represent incipient species. Wiegand in 1935 wrote that 
it was not yet clear whether a new species could be created by 
hybridization. Most botanists will now concede that such may 
arise by hybridization followed by polyploidy, although it is still not 
clear whether a species may arise from hybridization at a homoploid 
level. Lamprecht (1941), through the crossing of two species of 
Phaseolus, obtained fertile plants in later generations which were 
partially sterile when backcrossed to the parent species, which 
might be called species. Lewis and Epling (1946) and Epling 
(1947a) have recently postulated the origin of a species of Del- 
phinium through hybridization at a diploid level. 

Interestingly enough the theory of the origin of cultivated plants 
by hybridization goes all the way back to Linnaeus, and selection 
from the products of inter-specific hybridization, unaccompanied by 
chromosome duplication or alteration, has recently been given as 
one of the four modes of origin of cultivated plants (Crane, 1939). 
One of the most striking examples of the influence of hybridization 
on a cultivated plant is seen in maize. Hybridization between Zea 
and Tripsacum is thought to have greatly modified the former plant 
throughout the northern area of its range (Mangelsdorf and Reeves, 
1939; Mangelsdorf, 1947). The possible importance of intro- 
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gression in the evolution of cultivated plants has been stressed by 
Griggs (1937) and by Anderson (1949); it is highly desirable 
that more studies on the origin of cultivated plants be undertaken 
with due consideration to a possible role of introgression. 

One final important point requires discussion here. If a “new” 
species is created through hybridization, has anything really new 
been created in the process? Some years ago Wiegand (1935) 
raised this same question and seemed to feel that only recombina- 
tions and blends are created as a result of hybridization. Anderson 
(1939a), as a result of experimental studies with two species of 
Nicotiana, has stated that hybridization simply recombines previous 
genetic material and that no new characters are created in the 
process. It is also generally assumed that hybridization leading to 
polyploidy is not a progressive evolutionary factor from the stand- 
point of the origin of new genetic material (Stebbins, 1940). 
Lotsy (1916, 1925), on the other hand, believed that all new char- 
acters arise as a result of crossing. Part of the controversy centers 
on how one would define a new character, and exactly what con- 
stitutes a character is, as Allan (1931) has put it, very elusive. It 
is now known that the interaction of genes may produce what may 
be termed a “new” character, although no new genetic material has 
actually been formed. It is also now known that hybridization, at 
least in some instances, may stimulate the mutation rate. Classic 
examples are found in Drosophila and Gossypium. The literature 
and other examples may be found in Harland (1937) and Dobzhan- 
sky (1941). Thus truly new characters backed by new genic 
material may arise indirectly as a result of crossing. 

In conclusion we may state that it is still too early to evaluate 
fully the precise role of hybridization in evolution. That it does 
play a role there can be no doubt, although that role may be a 
secondary one. It has been stated that “mutation and hybridiza- 
tion may have worked hand in hand to produce regional diversity” 
(Clausen, Keck and Hiesey, 1940), and that it will require exceed- 
ingly critical data to demonstrate the relative importance of the two 
processes (Anderson and Hubricht, 1938a). 
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